Forward osmosis (FO) is a concentration driven membrane process which recently gained an increase in attention due to the development of improved FO membranes. Most of the currently available data on FO research is obtained on small laboratory-scale set-ups, thereby overlooking the effects of scaling-up to pilot or full-scale size. In this paper, FO experiments are carried out with a 10.16 cm (4-in) spiral wound FO (SWFO) Hydration Technologies Innovations (HTI) module. The performance of the SWFO module was investigated during daily experiments and the influence of two types of draw solutions (NaCl and MgCl 2 ) was evaluated and compared to data from lab-scale FO research. Furthermore, the difference between fixed draw solution concentration and draw solution dilution was studied for both draw solutions. Salt flux was determined from the increase in: (i) conductivity; and (ii) individual ion concentration in the feed vessel. Water and salt flux values from laboratory-scale membrane FO experiments were similar but slightly lower than that of the SWFO module in the fixed draw solution concentration experiments (respectively 5 L/m 2 h and 3 g/m 2 h for 0.5 M NaCl). Salt flux values obtained from individual ion measurements were lower and more accurate compared to that determined by conductivity measurements. Key words | forward osmosis, osmotic driving force, salt flux, spiral wound membrane elements, water flux ABBREVIATIONS DI de-mineralised water FO forward osmosis ICP internal concentration polarization SWFO spiral wound forward osmosis LIST OF SYMBOLS A m membrane area (m 2 ) c concentration (M) J s salt flux (g/m 2 h) J w water flux (L/m 2 h) n number of experiments (-) T temperature ( W C) V f feed volume (L) V p permeate volume (L) V s concentrated salt solution volume (L) Δt elapsed time (h)
be at a higher pressure than the draw side. The minimum draw feed rate is not established yet, but it is probably around 1 L/min.
Chemicals
De-mineralised water (DI water) was available at the KWR facility in Nieuwegein, obtained from a de-mineralisation water to prevent drying of the membrane. For storage of more than one day the membrane module was filled with 10 g/L sodium metabisulfite.
Data processing
The volumetric water flux was determined by a mass balance in the draw solution loop and given by:
where J w is the water flux (L/m 2 h), V p is the permeate volume (L), V s is the concentrated salt solution volume (L), A m is the membrane area (m 2 ) and Δt is the elapsed time.
The salt flux (J s in g/m 2 h) was determined from the increase of the conductivity in the feed water compartment.
The salt flux was directed in the opposite direction from the water flux, from the draw solution side to the feed water side. The salt flux was given by:
where J s is the salt flux (L/m 2 h), c f is the feed concentration and V f is the feed volume (L). Salt flux values decreased from 4.8 to 1.4 g/m 2 h for NaCl, and decreased from 1.2 to 0.3 g/m 2 h for MgCl 2 .
RESULTS AND DISCUSSION
The salt flux curves were fitted for NaCl and MgCl 2 to obtain:
The accuracy of the curve fit was high (83 and 93%) for • A similar water flux with 0.5 M MgCl 2 was explained by a higher osmotic pressure difference over the membrane, compensated by a lower ICP within the FO membrane structure. A lower salt flux was due to higher steric hindrance and electrostatic repulsion of MgCl 2 by the FO membrane.
• Water and salt flux values decreased in function of a dilution of the draw solution for both NaCl and MgCl 2 .
Curve fits were accurate for the water flux curves (>74%) and less accurate for salt flux curves (54-83%) based on conductivity measurements. temperature: 20 ± 2 W C).
